Humans can perceive the shape of objects by touch alone, by extracting geometric features such as edges. Recently recorded responses of single neurons in the secondary somatosensory cortex of monkeys suggest how the brain integrates tactile shape information across different regions of skin and builds up a representation of tactile objects.
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The sense of touch differs from the other senses because of two fundamental features of its receptor surface, the skin. First, the skin is more extensive and more distributed than other receptor surfaces, such as the retina or the cochlea. Second, the skin directly interacts with the stimulus itself. For example, recognising an object by touch often involves actively exploring or manipulating it. Voluntary exploratory actions bring several points on the receptor surface into contact with the object on multiple occasions [1] , as when feeling for a particular shape of coin among many coins in one's pocket.
Most neurophysiological studies of touch, however, have passively stimulated a single skin location, using simple stimuli, while recording from single units in the primary somatosensory cortex of monkeys. Thus, areas 3B and 1 of the primary somatosensory cortex contain a disproportionate somatotopic map of the contralateral body surface, implying a general principle of coding by location [2] . Tuning for frequency of vibrotactile stimuli, or orientation of static stimuli has also been reported [3] . However, the link between these basic dimensions of tactile sensation and perception of tactile objects is unclear. How are multiple sensations of contact processed and integrated across several different skin locations and at different times to build up a representation of the touched object?
From computational theories of visual processing, two critical stages in computing tactile shape can be identified: the integration of information from different skin locations; and the detection of basic geometric features such as edges. Two recent papers by Fitzgerald and colleagues [4, 5] report evidence for both of these computations within the secondary somatosensory cortex (SII). The first paper [4] deals with orientation selectivity, while the second [5] concerns the integration of information from different skin locations. I will begin by discussing the second paper.
SII is a key area for tactile integration: it receives inputs from the adjacent SI region and also directly from the thalamus. It therefore has access to the primary descriptions of contact and pressure required to build a description of tactile objects. However, SII lacks the clear one-to-one somatotopic organisation characteristic of SI. SII neurons have large, even bilateral receptive fields [6] , suggesting integration of information from several skin locations. Fitzgerald et al. [5] took an approach that had previously been used to characterise early tactile coding in SI, and applied it to SII neurons, while stimulating the animal at several different skin locations. The original method involved applying an oriented bar to the digit pad of a monkey, and identifying how the neural response varies with the orientation of the bar. In the new study, recordings were made from SII neurons while the pads of each digit on the contralateral hand were stimulated, on separate occasions. Thus, although only one pad was stimulated on any given trial, the authors could build up a picture of each neuron's responses and orientation preferences across the different pads.
Receptive Field Shapes
In the second paper, Fitzgerald et al. [5] report that most of the 928 neurons studied did respond to the touch of the bar, but their firing rate did not vary with bar orientation. These untuned cells could have excitatory (36%) or inhibitory (17%) responses to the bar. The response was measured at each of 12 locations, by stimulating the distal, medial and proximal pads of digits 2-5 of the contralateral hand. While many neurons responded to touch on only one finger pad, many others responded to touch on several pads, or even on all 12.
Within the overall population of excitatory neurons, responses to a very few pads and to very large numbers of pads were more common than responses to intermediate numbers. The former neurons might represent a specific point of contact from a small object, while the latter neurons would respond whenever an object was gripped by the whole hand. When a neuron responded to touch on multiple pads, these often formed a line along a single digit or across multiple digits, suggesting convergence of information about a single object touching the hand.
A few neurons (5%) showed excitatory responses to touch on some pads, but inhibitory responses to touch on others. The receptive field shape of these neurons typically shows a single zone of excitation, and a single zone of inhibition, often with an unresponsive zone in between. These neurons would presumably therefore give a maximal response to a single tactile object partially covering the finger surfaces. Such neurons could code specific orientation of a large object within the hand ( Figure 1A ). The same coding could be achieved by combining the signals from inhibitory and excitatory neurons with complementary receptive fields: a hypothetical example is shown in panel B. Fitzgerald et al. [5] do not discuss the connectivity between different classes of SII neurons, but it seems possible that the excitatory-inhibitory neurons could integrate the information provided by multiple lower-order excitatory and inhibitory neurons. This convergence could also explain why mixed neurons were found less frequently than purely excitatory or inhibitory neurons. In general, the shape of SII receptive fields may allow representation of object orientation at large spatial scales.
Orientation Tuning
The first paper [4] focuses on the subset of neurons that modulated their firing rate with the orientation of the bar. It therefore deals with representation of orientation at smaller spatial scales, within a single fingerpad. The authors asked whether the orientation tuning is common across multiple pads, or whether it differs across pads in a systematic way. The answers to these questions would clearly advance an understanding of tactile integration: neurons with a common orientation preference across several digits could act as edge detectors. Neurons responding to different orientations on different digits could detect corners of objects. Behavioural studies of active touch in human subjects suggest that a description of a tactile object in terms of these geometric primitives could underlie the ability to recognise objects by touch [1] .
Fitzgerald et al. [4] found that 29% of neurons in SII showed significant orientation tuning. They then compared the orientation tuning profiles of each neuron when the stimulus is delivered to different finger pads. A typical neuron ( Figure 1C ) might show significant orientation tuning on some pads, plus an untuned response or no response on others. The preferred orientations of the tuned pads tended to be similar. That is, orientation preferences were consistent across pads with a single finger, and also across fingers. This arrangement could allow integration of information about the edge of a small tactile object, irrespective of the point of contact. This might be a first step in a transformation between a 'skin-centred' and an object-centred representation of touch, just as transformation between viewer-centred and viewpoint-independent visual representations is considered a first step in visual object recognition [7] .
A further question concerns how the neurons in different areas of the somatosensory pathway successively build the representation of tactile shape. This might be answered by comparing tuning properties of populations of neurons recorded at different locations along the pathway. If SII subserves tactile shape computations, one might expect a greater proportion of neurons tuned for orientation there than in SI. However, studies of SI have yielded very different estimates for the prevalence of orientation tuning, from 1-75%, so the relative importance of orientation selectivity at different points along the somatosensory pathway remains unclear.
Limitations and Future Directions
Taken together, these two papers [4, 5] represent a valuable contribution to identifying the primitive elements of tactile shape representation in the somatosensory system. The results fit well with the properties of neurons in earlier somatosensory areas such as SI, and with computational theories of the geometric information required for object recognition. However, the authors themselves recognise two important methodological limitations. First, the apparatus used here applied the tactile stimulus to only one fingerpad at a time. What would happen if an oriented stimulus, such as the large corrugated object in Figure 1C , were placed simultaneously on all the responsive finger pads? If these neurons perform tactile integration, the response to multiple preferred stimuli should be greater than the response to a single preferred stimulus. However, the summation behaviour of these neurons has not been systematically studied. Similarly, the summation ability of untuned neurons ( Figure 1B) , when a single object covers several pads, is not known.
Second, the tactile stimulation in these studies was applied to the passive hand, and was not behaviourally relevant to the animal. Tactile perception outside the laboratory almost always involves interaction with the object, and thus active touch. However, well-controlled psychophysical experiments using active touch are not easy, because the interaction with the object depends on the subject's exploratory strategy, and therefore cannot be controlled.
A third limitation concerns the chain of processing within SII. In both papers [4, 5] , the results from the anterior, central and posterior fields within SII are analysed separately, as if the authors were looking for a progression or hierarchy of representations. The evidence on this point seems fairly thin. Most classes of neuron were found in all three cortical fields. The most convincing difference between fields was the prevalence of neurons responding to one or a very few pads posteriorly. In the central and anterior fields, in contrast, neurons with very large receptive fields were much more common. The posterior field of SII may therefore represent local information about individual point contacts. Convergence of several neurons carrying local information onto a single higher-order neuron might produce the more extensive receptive fields of the central and anterior fields. The differences in orientation tuning between the three cortical fields provide a further paradox. Orientationselective neurons were twice as common in the central SII field as in the other two fields. However, their tuning was less sharp than that of neurons in the other two fields. The evidence for a gradient of shape-selectivity within SII is not yet compelling.
Finally, in the present experiments, the monkeys were trained to keep their hand still in a fixed position while stimuli were delivered. Because the hand was still, touch at a given skin location directly specified the presence of a tactile object at the corresponding spatial location. However, the fingers and hand normally move when we interact with objects in the world. Therefore, computing the shape of a tactile object requires additional proprioceptive information about where the different contact points are located in space relative to one another. Put another way, touch must be referenced to the body. De Vignemont et al. [8] showed that perception of distance between two tactile contacts was rapidly altered by proprioceptive illusions of body shape induced by vibrating the biceps tendon. This nicely demonstrates that higher tactile perception uses an internal model of the body's geometry. Proprioceptive and cutaneous information are processed separately in primary somatosensory cortex, in areas 2 and 3a, versus 1 and 3b, respectively [9] . However, many cells in area 5 and in SII respond to either class of input [10, 11] . Body-referencing is an important but relatively neglected aspect of touch, which has no direct parallel in distance senses such as vision or hearing. It reminds us that the brain needs a model of the perceiving self in order to form correct perceptual representations of the outside world.
